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In an eﬀort to develop improved Proton Exchange Membranes for Polymeric Fuel cells two diﬀerent forms of polyanion in-
clusion in poly(2,5-benzimidazole) (ABPBI) have been carried out. Namely by (i) sulfonation of pre-formed polymer membranes
and (ii) by addition of inorganic phosphomolybdic acid to form hybrid ABPBI–PMo12 membranes. In both cases we have detected
an increased proton conductivity of the resulting membranes, associated to an enhanced capacity of the polyanion-modiﬁed ma-
terials to uptake phosphoric acid (in comparison with previously known ABPBI or even commercial PBI membranes). These new
membranes are stable up to 200 C and feature high conductivities at these temperatures, which makes them promising candidates
for higher-temperature PEM Fuel Cells.
 2003 Published by Elsevier B.V.
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The present technology of polymer electrolyte mem-
brane fuel cells (PEMFC) is based on the proton con-
ductivity of perﬂuorosulfonated membranes, with
Naﬁon as the most extensively studied example. But
Naﬁon membranes limit the PEMFCs in two main
ways. First, the high cost of perﬂuorinated polymers
increases the ﬁnal price of the stacks. The other key –
and expensive-components of a cell are the Pt-based
electrodes. These electrodes are very sensitive to CO
impurities present in the hydrogen commonly used as
fuel and force the use of ultra pure hydrogen, thus
raising the cost of this technology. And yet, with
working temperatures above 150–165 C the dreaded
poisoning of the Pt catalyst could be reduced. This* Corresponding author. Tel.: +34-93-580-18-53; fax: +34-93-580-57-
29.
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doi:10.1016/j.elecom.2003.09.007would allow the use of not so pure hydrogen as fuel in
PEMFC. But Naﬁon and other perﬂuorinated polymers
only perform properly below 100 C, because above that
temperature the membrane dehydrates and the proton
conductivity decays sharply. That is why so much eﬀort
is presently devoted to the development of alternative
inexpensive materials for the fabrication of PEM
membranes able to stand higher temperatures, sustain-
ing high proton conductivities above 150 C.
Polybenzimidazoles constitute a promising new
group of materials both for their low-cost and high
working temperature. The key for the proton conduc-
tion in polybenzimidazole-based membranes is their
impregnation with phosphoric acid. Indeed switching
from water-impregnated to phosphoric acid-impreg-
nated materials allows working temperatures of up to
180–200 C and intense development eﬀorts are been
made to put these alternative membranes to work. PBI,
the ﬁrst commercially available of these polymers has
been extensively studied in this respect [1–11], although
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Scheme 1. Synthesis of ABPBI.
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PBI, Scheme 1) are equally promising. H3PO4–PBI
membranes are able to work at temperatures up to 200
C without humidiﬁcation, and allow the use of H2 with
up to 3% of CO impurities with only a small power loss
[9]. Phosphoric acid doped PBI has been used in
PEMFC fed with diﬀerent fuels [8,9,12–17], whereas
ABPBI has also been shown to form good membranes
and perform as PEM upon impregnation with phos-
phoric acid [3,18]. H3PO4–ABPBI membranes have been
used successfully as electrolyte in supercapacitors [19]
and H2/O2 fuel cells at temperatures up to 180 C [20].
However polybenzimidazole membranes also need im-
provement, since they could beneﬁt from higher con-
ductivities and it has been detected that they can suﬀer
phosphoric acid leaking upon extended use under their
harsh working conditions.
We have recently carried out some work on poly-
benzimidazole membranes [11,21–23] with special em-
phasis on ABPBI (Scheme 1) and have conducted
preliminary experiments in order to modify and improve
them in several ways. We report here the materials re-
sulting from the integration of diﬀerent polyanions
(either inorganic heteropolyanions or sulfonated deriv-
atives) in an attempt to develop modiﬁed polybenzimi-
dazole membranes with improved performances both
from the point of view of their conductivity and long-
term endurance.
Heteropoly acids (HPAs) were considered as ideal
additives for PBIs since they constitute a whole family of
solid acids, with a thermal stability much higher than
phosphoric acid doped PBI. In addition, we have had
experience integrating these nanometric inorganic clus-
ters within conducting polymers (i.e. phosphomolybdic
acid, H3PMo12O40, denoted PMo12, in polyaniline,
polypyrrole) to yield electroactive hybrid organic–inor-
ganic materials [19,24–26]. Very recently, the doping of
commercial PBI with heteropolyacids (in particular
H3PW12O40, phosphotungstic acid, denoted PW12) has
been studied, but the properties of the these hybrid
materials (in particular their conductivities) were not
judged good enough to be used as membranes in
PEMFCs [27–30].
In addition to hybrid organic–inorganic membranes
with HPAs, our second choice for the loading of acidic
groups in polybenzimidazoles was sulfonation. We have
been successful in preparing both types of materials,sulfonated ABPBI and PW12 or PMo12–ABPBI hybrid
polymers, as well as in fabricating membranes from
them, and report here these synthetic eﬀorts and the
characterization of the resulting materials, with special
emphasis on the thermal stability and proton conduc-
tivity of the novel membranes upon impregnation with
phosphoric acid. Our results show that polyanion inte-
gration in polybenzimidazoles leads to an increase in
phosphoric acid uptake and retention and a consequent
improvement in the conductivity of these materials.2. Experimental
The monomer 3,4-diaminobenzoic acid (DABA) 97%
and the solvent methanesulfonic acid (MSA) 99% were
obtained from Across Organics and used without fur-
ther puriﬁcation. Polyphosphoric acid (PPA) 85% P2O5,
phosphoric acid 85%, and sulfuric acid 96% were pur-
chased from Panreac.
Thermogravimetric analyses (TGA) were recorded
with a Mettler-Toledo CR50 thermobalance in air at 10
C min1. Chemical analyses of elemental C, N, H and
S, using a Carlo Erba Instruments EA1108 Elemental
Analyzer, were systematically performed for the mate-
rials in their diﬀerent forms, from the as-prepared
polymer powders to the ﬁnal doped membranes. A
Canon-Fenske 300 viscosimeter was used for the mea-
surement of viscosities of polymer solutions in H2SO4
96%. FTIR spectra of the membranes were recorded on
a Shimadzu FTIR-8300 spectrophotometer. Four probe
AC conductivity measurements, as a function of tem-
perature were made in air at a ﬁxed frequency of 500
Hz–2 kHz measuring almost pure resistive behavior as
describe before [11,23,31]. Membranes were ﬁrst heated
at 180 C in order to eliminate the water. By TGA
we have seen that absorbed water is eliminated around
100 C. Conductivity measurements were took while
cooling.3. Polymer synthesis
Poly(2,5-benzimidazole) (ABPBI) was prepared by
condensation of 3,4-diaminobenzoic acid (DABA)
monomers in polyphosphoric acid (PPA) as reported
earlier [21]. Typical inherent viscosity of a 0.5 g dl1
J.A. Asensio et al. / Electrochemistry Communications 5 (2003) 967–972 969solution was 2.3–2.4 dl g1 measured in 96% H2SO4 at
30 C, high enough for casting membranes with good
mechanical stability, even when impregnated with high
amounts of phosphoric acid, according to the following
procedure.-SO
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)4. Membrane casting
Membranes of ABPBI were prepared by evaporation
of a methanesulfonic acid (MSA) solution [18,32]. Films
were cast on a glass plate, and evaporated in a heating
plate inside a ventilated hood, at about 200 C. The
membranes were heated until no evolution of MSA was
observed, during at least 2 h, and were peeled oﬀ by
immersion in water.
PBI membranes were cast from dimethylacetamide
solutions as described earlier in many reports [1–10].
Hybrid ABPBI–PMo12 membranes were prepared
dissolving ABPBI in MSA as described above, and later
adding the desired amount of PMo12. The heteroge-
neous mixture obtained initially was cast on a glass plate
and led to an apparently homogeneous solution upon
heating as needed for MSA evaporation at ambient
pressure, ﬁnally yielding a completely homogeneous
membrane. Following this procedure, hybrid mem-
branes can be prepared having a PMo12 content of up to
60% loosing a very small amount of the heteropoly acid
during the water washing [11]. After the washing of the
membranes, the PMo12 content was calculated from el-
emental analysis data and the water content by TGA.
Below 60% PMo12, the amount of the heteropoly does
not change after washing in boiling water, loosing only a
very small amount of PMo12 [11]. We can conclude that
the heteropoly acid is not lost during the washing. The
membrane used in this work had a composition of
ABPBI–45% H3PMo12O40.2000 1800 1600 1400 1200 1000 800 600 400
Fig. 1. FTIR of SABPBI. Eﬀect of heat treatment of ABPBI  0.6
H2SO4 for diﬀerent times.5. Sulfonation of pre-cast APBBI membranes
The sulfonation of performed PBI membranes, by
doping in sulfuric acid and heat treating the sulfuric acid
membranes, has been described earlier [33–35]. Based on
these reports, we have optimized the same procedure for
the sulfonation of ABPBI membranes (Scheme 2).+
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Scheme 2. Sulfonation ofWhen doping a PBI membrane in a sulfuric acid/
water bath, this membrane absorbs acid, which appears
in the FTIR spectrum at 1200–1000 cm1 [4]. The same
happens for ABPBI membranes. A 20 lm ABPBI
membrane was soaked in H2SO4/H2O 10:90 by volume
for 24 h and dried at 100 C. As ABPBI is n C7H4N2,
the doping level was calculated as the molar ratio S/C7
and S/N2 from the elemental analysis, ﬁnding a com-
position of ABPBI  0.6 H2SO4.
When heating the sulfuric acid doped ABPBI mem-
branes, sulfonation takes place but the membranes be-
come fragile. Since for shorter heating times the
membranes were less fragile we have optimized the
minimal time needed to sulfonate ABPBI membranes in
air at 450 C. This has been done by following the FTIR
evolution of previously cast ABPBI membranes doped
in H2SO4/H2O 10:90 v/v for 24 h (Fig. 1). Fortu-
nately, the positions of sulfate and sulfonate bands
are quite diﬀerent and allow to follow their evolution.
We have found that for heat treatments over 5 minutes,
the intensity of the bands assigned to sulfonate groupsn
 N
H
N
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+
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Table 1
Evolution of the FTIR bands in an ABPBI membrane doped in H2SO4/H2O 10:90 by volume for 1 and heat treated in air at 450 C for 5 min
m (cm1) Assignment
ABPBI  0.6 H2SO4 ABPBI  0.6 H2SO4
washed 24 h
ABPBI  0.6 H2SO4
5 min @ 450 C
ABPBI  0.6 H2SO4
5 min @ 450 C washed 24 h
1233 1226 –SO3H
1177 1183 –SO3H
1141 H2SO4
1168 1130 H2SO4
1117 1104 H2SO4
1082 1080 H2SO4
1045 1048 1050 –SO3H
970 J.A. Asensio et al. / Electrochemistry Communications 5 (2003) 967–972[21,36–39] do not decrease after washing in boiling water
for 24 h, whereas the bands assigned to sulfuric acid at
lower wave number disappear after that heat treatment
(see Fig. 1).
After washing, the sulfonation level was calculated
from elemental analyses as the molar ratio S/C7 and S/
N2. The optimal reaction time, leading to sulfonation
with the minimal fragilization is 5 min at 450 C. Table 1
summarizes the evolution of FTIR spectra of sulfuric
acid doped ABPBI membranes heat treated for 5 min.6. Phosphoric acid impregnation of the membranes
PBI, ABPBI, sulfonated ABPBI (S-ABPBI) and
ABPBI–PMo12 membranes were impregnated in the2000 1500 1000 500
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Fig. 2. FTIR spectra of the ABPBI–PMo12 hybrid membranes of
diﬀerent nominal compositions (Mo#1 ¼ 13:4% PMo12, Mo#2 ¼ 45%
PMo12, Mo#5 ¼ 60% PMo12, Mo#8 ¼ 70% PMo12, Mo#9 ¼ 80%
PMo12). Only compositions below 60% maintain the nominal com-
position after washing in boiling water 24 h.same H3PO4 bath in order to allow meaningful com-
parisons. Samples of about 2 3 cm were cut and im-
mersed in acid solutions of H3PO4 85%/H2O 70:30 (in
volume) for 3 days. The amount of PO34 as well as the
degree of sulfonation was determined by elemental
analysis of C, H, N and S after doping. For ABPBI–
PMo12, the amount of acid could not be determined due
to the more complex composition of the system (com-
posed of ABPBI, PMo12, H3PO4 and some absorbed
water). We have conﬁrmed by FTIR that all the char-
acteristic bands of PMo12 are still present and appear at
the same wavenumber and with the same intensities
upon doping (Figs. 2 and 3), thus conﬁrming that
PMo12 is still in the membrane after acid doping [11].
First of all, we noticed that ABPBI absorbs more acid
than PBI when doped in the same bath [11]. But in
addition, the incorporation of polyanions or the sulfo-
nation increase even further the phosphoric acid uptake
of ABPBI.2000 1500 1000 500    
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Fig. 3. FTIR of ABPBI–60% PMo12 (a) before and (b) after doping in
a H3PO4 85%/H2O bath (50:50 by volume).
Table 2
Activation energies of the conductivities of diﬀerent phosphoric acid
doped polybenzimidazoles
Membrane Ea (kJ mol1)
PBI  6.7 H3PO4 26.5
ABPBI  2.7 H3PO4 27.4
ABPBI 45% PMo12  xH3PO4 25.1
SABPBI 41% –SO3H 4.6 H3PO4 18.7
The three ABPBI membranes were doped in the same bath (H3PO4
85%/H2O 70:30 v/v). The PBI membrane was prepared doping in a
more concentrated phosphoric acid bath, in order to achieve an acid
J.A. Asensio et al. / Electrochemistry Communications 5 (2003) 967–972 971The amount of phosphoric acid uptake was calcu-
lated as the number of phosphoric acid molecules per
benzimidazole unit. After sulfonation, the sulfonated
SAPBI membranes absorb more acid than the non-sul-
fonated ones when both were soaked in the same bath.
The amount of acid present in the ABPBI–PMo12
membranes was not determined, although conductivity
measurements (see below) seem to indicate that these
inorganic polyanions also enhance the capability of the
polymer to incorporate phosphoric acid.content similar to ABPBI  2.7 H3PO4.7. Thermal stability and conductivity
Thermogravimetric analyses showed that all the
phosphoric doped membranes were stable up to 200 C.
We have measured the conductivity at temperatures
below 185 C. Fig. 4 shows plots of conductivity vs.
temperature for PBI, ABPBI, ABPBI–PMo12, and sul-
fonated SABPBI membranes doped with H3PO4.
Among them, ABPBI, ABPBI–PMo12, SABPBI were
doped in the same bath, but PBI was doped in a more
concentrated bath in order to achieve comparable dop-
ing levels (in weight %), since it absorbs much less acid
than the other membranes. In this way, membranes
PBI  6.7 H3PO4 and ABPBI  2.7 H3PO4, were obtained,
both with ca. 68% H3PO4.
First of all it should be noted that those PBI and
ABPBI membranes present very similar conductivities
(in agreement with the predominant role of phospho-
ric acid in that conduction). This conﬁrms ABPBI
as a material as good as commercial PBI for fuel cell
applications.0,001
0,01
70 90 110 130 150 170 190
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Fig. 4. Conductivity of membranes based on SABPBI (–SO3H
41%)  4.6 H3PO4 ðjÞ, ABPBI  45% H3PMo12O40 xH3PO4 (N), AB-
PBI  2.7 H3PO4 (). The three membranes were doped in the same
bath (H3PO4 85%/H2O 70:30 v/v). The conductivity PBI  6.7 H3PO4
(M) is added for comparison, prepared doping in a more concentrated
phosphoric acid bath, in order to achieve an acid content similar to
ABPBI  2.7 H3PO4.Furthermore, the sulfonated SABPBI polymer pre-
sents an even higher conductivity. In principle we assign
this to the larger amount of acid present in this sample
(as we have pointed out, sulfonate groups enhance the
capacity of the membranes for phosphoric acid uptake).
On the other hand, in previous work involving the po-
lymerization of pre-sulfonated benzimidazole mono-
mers, we found out that a sulfonated polybenzimidazole
derivative presented a conductivity up to two order of
magnitude higher than its non-sulfonated analogue
(both doped with the same amount of acid) [21]. For this
reason we do not rule out a contribution of the sulfo-
nate groups themselves in the present increase of con-
ductivity.
The case for the hybrid ABPBI–PMo12 membrane is
very similar. Its conductivity is also higher than that of
the ABPBI membrane treated under the same condi-
tions. And, as for the sulfonated derivative, both a lar-
ger uptake of acid and the contribution to conductivity
of the inorganic acid clusters could be at work in in-
creasing this performance, although the relative impor-
tance of each of these factors has not been determined
and will be analyzed in future work.
The average activation energy (Ea) for each mem-
brane have been calculated from the slope of the Ar-
rhenius plot, Ln (r) vs 1000/T (K) and are given in
Table 2. In the case of PBI and ABPBI they present
similar values. That is in good agreement with our
previous observation [11] that for these polymers the Ea
decreases when the phosphoric acid content in percent-
age increases. Furthermore, this also agrees well with the
present results, where the sulfonated SABPBI mem-
brane presents the lowest value by far of Ea, associated
with an enhanced acid uptake and highest conductivity,
with the hybrid ABPBI–PMo12 membrane falling in
between the sulfonated derivative and the pristine
membranes.8. Conclusions
We have prepared ABPBI and PBI membranes,
and successfully sulfonated previously cast ABPBI
972 J.A. Asensio et al. / Electrochemistry Communications 5 (2003) 967–972membranes by doping them with sulfuric acid and heat
treating the doped membranes at 450 C in air.
These sulfonated SABPBI membranes have shown an
enhanced capacity for phosphoric acid uptake and a
consequent increase in conductivity, compared with the
non-sulfonated counterparts. The maximum conductiv-
ity measured in dry conditions was 3.5 102 S cm2 at
185 C for SABPBI  4.6 H3PO4 with a degree of sulfo-
nation of 41%. These membranes present the same high
thermal stability as phosphoric acid doped ABPBI and
PBI membranes, which make them interesting for use as
membrane in PEMFC at temperatures as high as 150–
200 C.
We have found that not only the sulfonate anions
lead to enhanced conductivities for polybenzimidazole
membranes. ABPBI–PMo12 hybrid membranes (with
inorganic heteropolyacids trapped within the organic
polymer network), cast and impregnated with phos-
phoric acid in the same conditions, also present the same
thermal stability and a higher proton conductivity as the
benzimidazole membranes described earlier (proton
conductivities of ABPBI–PMo12 membranes have
reached values of 3.0 102 S cm 1 at 185 C).
Thus, both the sulfonate groups and the PMo12 an-
ionic clusters are additives that increase the phosphoric
acid uptake. This is important not only to increase the
conductivity, but also in order to avoid the leaching of
the acid when the membranes operate as fuel cell elec-
trolyte in PEMFC for long times. For the reasons ex-
posed, we consider that the two new membranes
reported here are very promising candidates for PEMFC
electrolytes at temperatures of at least 185 C and surely
higher.Acknowledgements
This work was carried out within the framework of
the ‘‘Xarxa Tematica de Piles de Combustible’’ de la
Generalitat de Catalunya and ‘‘Red de Pilas de Com-
bustible del CSIC’’ and was partially funded by MCyT
(Spain) (MAT2002-04529-C03). We thank the MCyT
for a pre-doctoral fellowship awarded to J.A.A.References
[1] J.S. Wainright, J.T. Wang, D. Weng, R.F. Savinell, M. Litt, J.
Electrochem. Soc. 142 (1995) L121.
[2] J.J. Fontanella, M.C. Wintersgill, J.S. Wainright, R.F. Savinell,
M. Litt, Electrochim. Acta 43 (1998) 1289.
[3] M. Litt, R. Ameri, Y. Wang, R. Savinell, J. Wainwright, Mater.
Res. Soc. Symp. Proc. 548 (1999) 313.[4] R. Bouchet, E. Siebert, Solid State Ionics 118 (1999) 287.
[5] X. Glipa, B. Bonnet, B. Mula, D.J. Jones, J. Roziere, J. Mater.
Chem. 9 (1999) 3045.
[6] B. Xing, O. Savadogo, J. New Mater. Electrochem. Syst. 2 (1999)
95.
[7] M. Kawahara, J. Morita, M. Rikukawa, K. Sanui, N. Ogata,
Electrochim. Acta 45 (2000) 1395.
[8] N.J. Bjerrum, Q. Li, H.A. Hjuler, World Patent, 18894, 2001.
[9] L. Qingfeng, H.A. Hjuler, N.J. Bjerrum, J. Appl. Electrochem. 31
(2001) 773.
[10] Y. Ma, A. Schechter, J.S. Wainright, R.F. Savinell, Extended
Abstract of the Meeting of the Electrochemical Society, San
Francisco, 2001.
[11] J.A. Asensio, Ph.D. Thesis, Institut Quımic de Sarria, Universitat
Ramon Lull, Barcelona, Spain, 2003.
[12] J.T. Wang, S. Wasmus, R.F. Savinell, J. Electrochem. Soc. 142
(1995) 4218.
[13] J.T. Wang, R.F. Savinell, J.S. Wainright, M. Litt, H. Yu,
Electrochim. Acta 41 (1996) 193.
[14] J.T. Wang, J.S. Wainright, R.F. Savinell, M. Litt, J. Appl.
Electrochem. 26 (1996) 751.
[15] J.T. Wang, W.F. Lin, M. Weber, S. Wasmus, R.F. Savinell,
Electrochim. Acta 43 (1998) 3821.
[16] O. Savadogo, B. Xing, J. New Mater. Electrochem. Syst. 3 (2000)
345.
[17] O. Savadogo, F.J. Rodriguez Varela, J. New Mater. Electrochem.
Syst. 4 (2001) 93.
[18] A. Wereta Jr., M.T. Gehatia, Polym. Eng. Sci. 18 (1978) 204.
[19] P. Gomez-Romero, M. Chojak, K. Cuentas-Gallegos, J.A.
Asensio, P.J. Kulesza, N. Casan-Pastor, M. Lira-Cantu, Electro-
chem. Com. 5 (2003) 149.
[20] J.A. Asensio, S. Borros, R. Ruiz, P. Gomez-Romero, 203th
Meeting of the Electrochemcial Society, Paris, 2003.
[21] J.A. Asensio, S. Borros, P. Gomez-Romero, J. Polym. Sci., Part
A: Polym. Chem. 40 (2002) 3703.
[22] J.A. Asensio, S. Borros, P. Gomez-Romero, Bol. Soc. Esp.
Ceramica y Vidrio., in press, 2003.
[23] J.A. Asensio, S. Borros, P. Gomez-Romero, J. Electrochem. Soc.,
in press, 2003.
[24] P. Gomez-Romero, M. Lira-Cantu, Adv. Mater. 9 (1997) 144.
[25] M. Lira-Cantu, P. Gomez-Romero, Chem. Mater. 10 (1998) 698.
[26] P. Gomez-Romero, Adv. Mater. 13 (2001) 163.
[27] P. Staiti, M. Minutoli, S. Hocevar, J. Power Sources 90 (2000)
231.
[28] P. Staiti, M. Minutoli, J. Power Sources 94 (2001) 9.
[29] P. Staiti, J. New Mater. Electrochem. Syst. 4 (2001) 181.
[30] P. Staiti, Mater. Lett. 47 (2001) 241.
[31] B.D. Cahan, J.S. Wainright, J. Electrochem. Soc. 140 (1993) L185.
[32] T.E. Helminiak, C.L. Benner, F.E. Arnold, G. Husman, US
Patent, 4377546, 1983.
[33] M.J. Ariza, D.J. Jones, J. Roziere, Desalination 147 (2002) 183.
[34] C.A. Linkous, H.R. Anderson, R.W. Kopitzke, G.L. Nelson, Int.
J. Hydrogen Energy 23 (1998) 525.
[35] J.E. Kuder, J.C. Chen, US Patent, 4634530, 1987.
[36] X. Glipa, M. El Haddad, D.J. Jones, J. Roziere, Solid State Ionics
97 (1997) 323.
[37] J. Roziere, D.J. Jones, M. Marrony, X. Glipa, B. Mula, Solid
State Ionics 145 (2001) 61.
[38] K. Uno, K. Niume, Y. Iwata, F. Toda, Y. Iwakura Sci, J. Polym.
Sci., Polym. Chem. Ed. 15 (1977) 1309.
[39] N. Venkatasubramanian, D.R. Dean, T.D. Dang, G.E. Price, F.E.
Arnold, Polymer 41 (2000) 3213.
